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Abstract.  Wide-miniband  superlattice  devices  are  suitable  for  generation,  detection  and  frequency 
multiplication  of  microwaves  and  for  detection  and  autocorrelation  of  THz  radiation.  The  devices, 
operated  at  room  temperature,  are  based  on  nonlinear  transport  properties  of  the  miniband  electrons. 
While  the  interaction  of  the  miniband  electrons  with  microwaves  can  be  described  by  the  nonlinear 
current-voltage  characteristic,  interaction  with  a THz  field  is  based  on  a quantum  nonlinearity, 
namely  a THz-field  induced  modulation  of  the  Bloch  oscillations  of  the  miniband  electrons. 


Introduction 

The  devices  are  the  result  of  a most  successful  international  cooperation,  with  four  part- 
ners, A.  Ignatov  et  al.  (Nizhni  Novgorod)  delivering  the  theoretical  basis,  P.  Kop’ev  and 
V.  Ustinov  et  al.  (St.  Petersburg)  providing  the  MBE  growth  technique,  Pawel’ev  et  al. 
(Nizhni  Novgorod)  contributing  high-frequency  device  expertise,  and  E.  Schomburg  et  al. 
(Regensburg)  providing  high-frequency  and  THz  experience.  The  work  is  based  on  the 
ideas  of  Esaki  and  Tsu  [ ],  who  predicted  that  semiconductor  superlattices  should  show 
nonlinear  current  transport,  because  of  Bloch  oscillations  | ] of  the  miniband  electrons. 
With  respect  to  current  transport,  especially  at  high  current  density,  transport  properties  of 
doped  superlattices  have  been  studied  by  Sibille  and  Palmier  et  al.  | ]. 

1 Negative  differential  conductance 

First,  we  consider  a superlattice  (Fig.  1 ) of  1 20  periods  each  period  consisting  of  49  A thick 
GaAs  and  13  A thick  AlAs  layers,  corresponding  to  a lowest-miniband  width  of  22  meV. 
The  superlattice  (length  0.74  /<m)  is  homogeneously  n doped  (1.4  x 1017  cm”3)  and  is 
embedded  in  graded  layers  and  n+  GaAs  layers,  grown  on  a n+  GaAs  substrate.  A Au- 
Ge-Ni  layer  serves  as  ohmic  contact.  The  superlattice  is  mesa  structured,  with  a small-area 
mesa  (dimension  7x8  Jim)  and  a large-area  mesa  (100x200  /im).  In  this  quasi  planar 
device,  with  two  ohmic  contacts  in  one  plane,  the  small-area  mesa  is  the  active  device  while 
the  large-area  mesa  is  a series  resistance. 
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Fig.  1.  Superlattice  device. 


Characteristic  for  a wide-miniband  superlattice  is  the  ability  of  the  miniband  electrons  to 
perform  Bloch  oscillations  (Fig.  2).  An  electron  traverses  several  periods  of  the  superlattice, 
oscillating  back  and  forth  along  the  superlattice  axis,  z,  being  Bragg  reflected  at  the  upper 
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Fig.  2.  Bloch  oscillation. 


boundary  of  the  miniband  (width  A).  The  oscillation  frequency  corresponds  to  the  Bloch 
frequency 

ea 

<wb  = -r-  Es  (1) 

n 

where  e is  the  elementary  charge,  h Planck’s  constant,  a the  superlattice  period,  and  Es  the 
strength  of  a static  electric  field  along  z.  The  duration  of  a Bloch  oscillation  of  a miniband 
electron  is  limited  by  the  intraminiband  relaxation.  The  Bloch  oscillation  corresponds  to  a 
quantum  coherent  oscillation  within  a range  of  several  superlattice  periods.  After  relaxation 
the  coherence  is  lost  and  the  electron  begins  a new  oscillation.  All  miniband  electrons 
perform,  independently,  i.  e,  without  a phase  relation  to  each  other,  Bloch  oscillations. 

The  current  (7)-voltage  ( U ) characteristic  of  the  superlattice  (Fig.  3)  shows  ohmic 
behavior  at  small  voltage  and  a negative  differential  conductance  above  a critical  voltage 
Ue  (~  1 V).  At  the  critical  voltage  an  electron  performs  in  the  average  one  Bloch  oscillation 
cycle  within  the  relaxation  time  (tcub  = 1);  the  critical  voltage  corresponds  to  a Bloch 
frequency  o>b/2tt  = 1.6  THz  and  the  relaxation  time  r is  ~ 10-13s.  Overdamped  Bloch 
oscillations  (cobt  < 1 ) are  responsible  for  the  deviation  of  the  current- voltage  characteristic 
from  ohmic  behavior  for  voltages  U < Uc.  At  U > Uc  (cobt  > 1)  the  increasing  number 
of  Bloch  oscillation  cycles  within  the  relaxation  time  r reduces  the  mean  path  of  a miniband 
electron  and  therefore  the  drift  velocity,  i,'ti • The  drift  velocity-field  characteristic  is  given, 
for  a simple  tight  binding  energy  dispersion  relation  for  the  miniband,  by  | ] 


ea  A 2&)b  r 
4fi  1 + (UgT2 


(2) 


The  peak  drift  velocity,  up  = eaA/4h,  increases  linearly  with  A.  A more  elaborated 
analysis  taking  into  account  the  thermal  distribution  of  the  electrons  in  the  miniband  and, 
furthermore,  elastic  scattering,  delivers  the  same  inelastic  intraminiband  relaxation  time 
(10— 13  s)  as  the  simple  analysis  and  an  elastic  scattering  rate  of  the  same  order  | ];  the 
inelastic  scattering  is  due  to  interaction  with  longitudinal  optical  phonons  and  the  elastic 
scattering  mainly  due  to  scattering  at  the  GaAs/AlAs  interfaces  because  of  roughness. 
The  jumps  in  the  I—U  characteristic  (Fig.  3)  are  the  consequence  of  travelling  high-field 
domains.  These  are  the  origin  of  a current  oscillation  and  of  microwave  generation  | , ]. 
The  corresponding  charge  density  is  a travelling  dipole  domain,  with  a depletion  layer 
followed  by  an  accumulation  layer,  both  extending  along  the  superlattice  axis  over  many 
superlattice  periods. 
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Fig.  3.  Current-voltage  characteristic. 
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Fig.  4.  Superlattice  oscillator. 


2 Superlattice  oscillator 

A superlattice  device  (with  the  data  given  in  section  1)  was  integrated  into  a planar  circuit 
(Fig.  4)  with  a low-pass  port  for  the  direct  current  supplied  by  a constant-voltage  source, 
and  a high-pass  port  for  the  microwaves  [ ] . 

The  oscillator  showed  an  emission  spectrum  (Fig.  5)  with  a fundamental  harmonic  near 
5 GFIz  and  higher  harmonics.  The  fundamental  frequency  v0sc  was  equal  to  the  inverse 
superlattice  transit  time  of  the  dipole  domains,  which  travelled  with  a velocity  near  the 
peak  drift  velocity.  The  occurrence  of  higher  harmonics  indicates  that  the  domains  had  an 
extension  which  was  shorter  than  the  superlattice  length.  The  power  of  the  oscillator  was 
1 mW  (efficiency  6%). 

A weak  narrow-band  external  field  is  able  to  phaselock  the  oscillator  | ].  Instead  of  a 
bandwidth  of  about  1 MHz  the  locked  superlattice  oscillator  now  has  a bandwidth, 

which  is  comparable  with  the  linewidth  ot  the  external  field  (e.g.  10  Hz);  the  locking 
leads  to  a suppression  of  thermal  fluctuations  occurring  in  the  formation  of  the  domains. 

Superlattices  with  wider  minibands  show  (at  comparable  superlattice  length  L)  larger 
fundamental  frequencies  (Fig.  6).  The  frequency  of  the  oscillation  corresponds  to  the  ratio 
of  the  domain  velocity  and  the  superlattice  length  and  is  approximately  given  by  v0sc  ~ 
0.7up/L  | , ].  Recently,  a GaAs/AlAs  superlattice  oscillator  with  uGsc  = 103GHz(power 
0.5  mW)  has  been  achieved  | ];  the  miniband  width  was  120  meV.  Other  materials  such 
as  InGaAs/AlAs  [ ] should  allow  to  develop  oscillators  for  still  higher  frequencies.  The 

superlattice  can  either  be  integrated  into  a planar  circuit  or  into  a waveguide  resonator  | ]. 
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Fig.  6.  Superlattice  oscillator  frequency  for  superlattices  with  different  A. 

3 Superlattice  detector  and  frequency  multiplier  for  microwaves 

A microwave  field  influences  the  current  through  a superlattice  according  to  the  current- 
voltage  characteristic  leading  to  both  a direct-current  reduction  [ ] as  well  as  generation  of 

radiation  at  higher  harmonics.  Frequency  multiplication  up  to  the  submillimeter  frequency 
range  (320  GHz)  has  been  demonstrated  [ , ]. 

4 Superlattice  detector  and  autocorrelator  for  THz  radiation 

A THz  field  can  directly  interact  with  a blochoscillating  electron  leading  to  a modulation 
of  the  Bloch  frequency  according  to  [ , | 


ea  eu  ~ 

«b(0  = ~rEs  + —Ea,COS((Ot)  (3) 

n H 

where  Ew  is  the  amplitude  and  w the  angular  frequency  of  the  THz  field.  The  modulation 
leads  to  a reduction  of  the  drift  velocity  1 . , , ].  Accordingly,  the  current  through 

a superlattice  is  reduced  during  THz  irradiation.  The  response,  i.e.  the  current  reduction. 
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Fig.  7.  Signal  (left)  and  autocorrelation  signal  (right)  for  4.3  THz  radiation. 


is  proportional  to  the  power  of  the  radiation.  The  detection  is  illustrated  in  Fig.  7,  which 
shows  the  response  of  a superlattice  mesa,  mounted  in  a corner  cube  antenna,  on  picosecond 
pulses  of  the  FELIX  free  electron  laser  in  Rijnhuizen  (The  Netherlands)  | ].  The  time 

resolution  (50  ps)  was  determined  by  the  registering  sampling  oscilloscope. 

The  superlattice  acts  as  linear  detector  over  many  orders  of  magnitude  of  the  power 
of  the  high-frequency  field.  At  very  strong  irradiation,  the  current  through  the  superlat- 
tice is  almost  completely  suppressed  [ , , ].  This  nonlinearity  allows  to  perform 

autocorrelation  experiments.  In  a first  experiment  [ ] it  has  been  demonstrated  that  the 

autocorrelator  is  able  to  resolve  the  3 ps  pulses  of  the  FELIX  laser  (Fig.  7).  The  intrinsic 
time  resolution  of  the  detector  and  the  autocorrelator  is  determined  by  the  intraminiband 
relaxation  time  (10-13  s). 

5 Conclusion 

Wide-miniband  semiconductor  superlattice  devices  (at  room  temperature)  can  be  used  for 
generation,  detection  and  frequency  multiplication  of  microwave  radiation  up  to  frequen- 
cies above  100  GHz  and,  furthermore,  for  detection  and  autocorrelation  of  radiation  at 
frequencies  above  1 THz. 
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